Abstract-While changing the handling characteristics of a conventional vehicle normally requires physical modification, a vehicle equipped with steer-by-wire can accomplish the same effect through active steering intervention. This paper presents an intuitive method for altering a vehicle's handling characteristics by augmenting the driver's steering command with full vehicle state feedback. The vehicle can be made more or less responsive depending on the driver's preference and particular operating conditions. Achieving a smooth, continuous change in handling quality requires both accurate state estimation and well-controlled steering inputs from the steer-by-wire system. Accurate estimates of vehicle states are available from a combination of global positioning system (GPS) and inertial navigation system (INS) sensor measurements. By canceling the effects of steering system dynamics and tire disturbance forces, the steer-by-wire system is able to track commanded steer angle with minimal error. Experimental results verify that with precise steering control and accurate state information, the handling modification is exactly equivalent to changing the front tire cornering stiffness.
I. INTRODUCTION
T HE proliferation of electronic control systems is nowhere more apparent than in the modern automobile. During the last two decades, advances in electronics have revolutionized many aspects of automotive engineering especially in the areas of engine combustion management and vehicle safety systems such as antilock brakes (ABS) and dynamic stability control. The benefits of applying electronic technology are clear: improved performance, safety, and reliability with reduced manufacturing and operating costs. However, only recently has the electronic revolution begun to find its way into automotive steering systems in the form of electronically controlled variable assist and, within the past few years, fully electric power assist [1] . Electric power steering, which replaces the hydraulic components of a conventional power assisted steering system, completes the transition of steering actuation to a pure electromechanical device.
The next step in steering system evolution-to completely do away with the steering column and shaft-represents a dramatic departure from traditional automotive design practice. The substitution of electronic controllers in place of direct mechanical connections is known as by-wire technology. A number of current production vehicles already employ by-wire technology for the throttle and brakes [2] . Steer-by-wire, while a more daunting concept than throttle-or brake-by-wire for most drivers, holds several advantages over conventional automotive steering systems. Undoubtedly the most significant of these is active steering capability, the ability to augment the driver's steering input to improve vehicle stability or maneuverability. As a part of fully integrated vehicle dynamic control systems, active steering capability has recently been introduced in select production models. While these are not yet by-wire systems, they begin to demonstrate the sort of handling improvements that can be made to a vehicle equipped with true steer-by-wire.
The potential benefits of active steering intervention, particularly to improve handling behavior during normal driving, have received considerable attention from both the automotive industry and research institutions. A number of ideas have been tested in experimental prototypes with specially designed active steering systems. As early as 1969, Kasselmann and Keranen [3] propose an active steering system based on feedback from a yaw rate sensor. More recent work by Ackermann [4] combines active steering with yaw rate feedback to robustly decouple yaw and lateral motions. Experimental results demonstrate its effectiveness in cancelling out yaw generated while braking on a split friction surface. In [5] , Huh and Kim devise an active steering controller that eliminates the difference in steering response between driving on slippery roads and dry roads. The controller is implemented in a driving simulator using feedback of vehicle roll to estimate lateral tire force. Most recently, Segawa et al. [6] apply lateral acceleration and yaw rate feedback to an experimental steer-by-wire vehicle and demonstrate that active steering control can achieve greater driving stability than differential brake control.
While most of these active steering systems rely on feedback of yaw rate or lateral acceleration or a combination of both, significantly more comprehensive control can be achieved given vehicle sideslip information. Although feedback of sideslip angle has been proposed theoretically [7] - [10] , the difficulty in estimating vehicle sideslip presents an obstacle to accomplishing this in practice. Stability control systems currently available on production cars typically derive slip rate from sensor integration or a physical vehicle model, but these estimation methods are prone to uncertainty [11] . Because sideslip is extremely important to the driver's perception of handling behavior, quality of the driving experience depends strongly on quality of the feedback signal. This dependence is less critical for stability control systems, which tend to engage when the vehicle is already undergoing extreme maneuvers, but improving handling behavior during normal driving requires cleaner and more accurate feedback.
A new sideslip estimation scheme combining global positioning system (GPS) and inertial navigation system (INS) sensor measurements overcomes many of the drawbacks of previous estimation methods [12] . For this paper, a test vehicle converted to steer-by-wire is used to demonstrate that a vehicle's handling characteristics may be fine-tuned through a combination of GPS/INS feedback and precisely controlled active steering. The first part of the paper describes the design of the steer-by-wire system that provides active steering capability to the test vehicle. The steer-by-wire system characteristics are determined experimentally through closed-loop system identification techniques. Target performance for the steering system is subjectively comparable to the same vehicle equipped with a conventional steering system: the driver must not feel any lag in response during typical steering maneuvers. Evaluation of several control variants demonstrates the need for the controller to account for the steering system inertia, damping, and friction, as well as tire cornering forces, in order to meet performance requirements.
The latter part of the paper presents a physically motivated approach for full state feedback control of an actively steered vehicle. Experimental results clearly show the difference in handling behavior with this type of steering control: the outcome is exactly equivalent to changing cornering stiffness of the front tires. This "virtual tire change" results in a modification of the fundamental handling characteristics of the vehicle, i.e., from understeering to neutral steering. Even though neutral steering is the ideal handling characteristic since it provides maximum steering response without instability, passenger vehicles are typically designed to be inherently understeering in order to avoid the possibility of unstable behavior when operating conditions-such as load distribution or disproportionate tire wear-cause an undesirable shift in handling characteristics. This design compromise necessarily reduces the responsiveness of the vehicle so that it is not as responsive as it could be in all situations. It is nearly impossible to physically design a vehicle that handles optimally under every condition. However, with a combination of active steering and full state feedback control, optimal handling characteristics are always achievable even though a vehicle's physical parameters may be suboptimal. Thus, such a vehicle's handling characteristics can be arbitrarily tuned to driver preference as well as to maintain desired behavior when operating conditions vary.
II. STEER-BY-WIRE SYSTEM

A. Physical Description
Active steering capability is implemented in the test vehicle-a production model 1997 Chevrolet Corvette-by converting it to steer-by-wire. The stock steering system is a rack and pinion configuration with hydraulic power assist (Fig. 1) . The steer-by-wire conversion (Fig. 2) makes use of all the stock components except for the intermediate steering shaft, which is replaced by a brushless dc servomotor to provide steering actuation in place of the handwheel. Two potentiometers-one on the steering column and the other on the pinion-provide an absolute reference for both angles; they are each supplemented by positional measurements from high-resolution nonabsolute encoders. The hydraulic power assist unit in the test vehicle is retained as part of the steer-by-wire system. The incorporation of power assist eliminates the need for extensive modifications to the existing steering system and allows the use of a much smaller actuator since the assist unit provides the majority of the steering effort.
The steering actuator, which consists of a motor and gearhead combination controlled by a servo amplifier, was selected based on the maximum torque and speed necessary to steer the vehicle under typical driving conditions including moderate emergency maneuvers. Studies in steering force feedback have suggested that required steering torque at the handwheel during normal driving ranges from 0 to 2 Nm, while emergency maneuvers can demand up to 15 Nm of torque [13] . The steering rate target was two full turn of the steering wheel per second. From these target values, the maximum current and voltage necessary to run the motor were calculated.
The purpose of the handwheel feedback motor is to communicate to the driver via tactile means the direction and level of forces acting between the front tires and the road [14] . A byproduct of these forces is the self-centering effect that occurs when the driver releases the steering wheel while exiting a turn. Both the self-centering effect and torque feedback are important characteristics that a driver expects to feel when steering a car equipped with a conventional steering system. The force feedback system consists of a brushed dc servomotor with a timing belt drive that attaches the output shaft to a pulley on the steering column. Similar to the actuator, the servomotor and pulley ratio are selected based on typical feedback levels provided by conventional steering systems.
B. Experimental System Identification
Many detailed mathematical models have been developed for both rack and pinion steering systems and hydraulic power assist systems [15] , [16] . Experimental identification of the test vehicle's steer-by-wire system, however, suggests that its dynamics are well represented by a simple second-order model. The results also indicate that the dynamics of the individual components, such as the hydraulic power assist unit, are negligible compared to the overall steering system dynamics in the normal range of steering inputs. Note that these results may not hold true for all steering systems due to rate and torque limits; more complicated models may indeed be necessary in those cases.
If tire forces are ignored, the transfer function describing the steering system dynamics ( Fig. 3 ) is assumed to take the following form: (1) where is the pinion angle, is the actuator torque, is the total moment of inertia of the steering system, and is the effective viscous damping coefficient. A closed-loop system identification method is used to determine the parameters and of the steering system (Fig. 4) . The closed-loop transfer function is given by (2) where is the commanded steering angle and is the feedback gain. The input signal to the closed-loop system is a sinusoidal waveform that sweeps through frequencies between 0 and 5 Hz over a 100-s time period. The feedback gain is chosen to be as large as possible without causing the steering actuator to saturate. Fig. 5 shows the input signal, or commanded angle, , with the output, or actual steering angle, . The frequency response of the system can be approximated by the empirical transfer function estimate (ETFE), the ratio between the output and input discrete Fourier transform (DFT). The ETFE, shown in Fig. 6 , confirms that the steering system is second order, and from (2) the system parameters and are easily calculated. In Fig. 6 , the Bode plot of the identified system is plotted over ETFE for the system. The difference in response at lower frequencies between the actual and identified systems arises from the effect of Coulomb friction present in the real system. Thus, a more realistic model is described by (3) where is the Coulomb friction constant. When Coulomb friction effects are included in the identified system, the response corresponds more closely with the real system at low frequencies (Fig. 7) . 
C. Effect of Tire Self-Aligning Moment
While the steering system parameters are obtained without considering tire-to-ground contact, the influence of tire forces on the steering system cannot be ignored when driving the vehicle over the road. As mentioned in the previous section, while a vehicle is turning, tire forces acting on the steering system tend to resist steering motion away from the straight-ahead position. These forces can be treated as a disturbance on the steering system and are directly attributable to tire self-aligning moment, which is a function of the steering geometry, particularly caster and kingpin angles, and the manner in which the tire deforms to generate lateral forces. In Fig. 8 , is the lateral force acting on the tire, is the tire slip angle, is the pneumatic trail, the distance between the application of lateral force and the center of the tire, is the mechanical trail, the distance between the tire center and the point on the ground about which the tire pivots as a result of the wheel caster angle (Fig. 9) , and is the velocity of the tire at its center. The total aligning moment is given by (4) As shown in Fig. 10 , the portion of aligning moment due to the tire pneumatic trail may be directly approximated as an empirical function of tire slip angle [17] . Although pneumatic trail is also a function of slip angle, it is linear for small angles. The steering system model including the aligning moment disturbance is given by (5) where is a scale factor to account for torque reduction by the steering gear.
D. Steer-by-Wire Control Design
The target performance for the steer-by-wire system is to duplicate steering commands that can be created by a driver. Normal steering inputs tend to be smooth and continuous but can vary widely in rate, so an important criteria for the steering controller is that it must follow fast inputs with minimal lag. In order to simplify the design of the controller, the case of no tire-to-ground contact (front wheels raised off the ground) is initially considered so that the influence of , , and can be isolated from the tire disturbance forces. The control effort for this case consists of three components (6) The proportional derivative (PD) feedback component is given by (7) where is the desired steer angle, is the proportional feedback constant, and is the derivative feedback constant. The feedback gains, and , are selected to give a fast closedloop system response without oscillatory behavior. Because the system is second order, however, PD control alone results in some steady-state error when tracking the type of command shown in Fig. 11 (steering angle is given at the front wheels). The addition of feedforward compensation (8) to the PD controller significantly improves the tracking error (Fig. 12) by canceling the effects of the steering system dynamics. Including the feedforward term, however, places additional demands on sensing strategy: steering rate information must be obtained from the derivative of the position signal. Ideally, this signal should be fairly clean since high-frequency noise tends to worsen with differentiation, and heavy filtering might induce lag in the signal. The solution for obtaining and is to pass the measured steering wheel angle through an appropriately calibrated first and second-order filter, respectively. The first-order filter is given by (9) where is the filter cutoff frequency chosen to be 5 Hz, low enough to filter out sensor noise and high enough to avoid disturbing the steering system dynamics. Taking the inverse Laplace transform yields an expression for desired steer rate (10) The second-order filter is given by (11) Again, taking the inverse Laplace transform leads to a system of equations from which can be calculated (12) The remaining error in Fig. 12 is associated with the internal friction of the steering system and requires an additional control term (13) where is the Coulomb friction constant. As shown in Fig. 13 , with control torque given by (6), the tracking error can be reduced to nearly zero. Now reintroducing tire-to-ground contact and with the vehicle moving at approximately 11.2 m/s (25 mi/h), additional tracking error is evident in the steering system (Fig. 14) even when the controller given by (6) is applied. To cancel the effects of the tire disturbance forces, the approximation of aligning moment from tire slip angle measurements is added to the feedback, feedforward, and friction components of the control effort (14) The aligning torque component is given by (15) As shown in Fig. 15 , although the exact level of the tire force disturbance is unknown, the addition of a simple aligning moment approximation to the actuator torque eliminates most of the additional steering error that appears in Fig. 14 .
There are several reasons for considering the aligning moment separately in the steering controller. One reason is that the aligning moment disturbance makes up a significant portion of the torque that the steering system needs to overcome. For example, during steady-state cornering the actuation effort required to hold the steered wheels in place primarily serves to resist this moment. While the magnitude alone is significant, the fact that aligning moment depends on tire slip angle and therefore the vehicle dynamics means that it is a predictable physical effect that can be determined from a combination of typical vehicle sensors [18] . This predictability makes feedforward control particularly suitable. Another reason for applying feedforward control has to do with closed-loop stability. The principal behind proportional derivative feedback is to react to errors. To reduce tracking error, one can either increase the feedback gains, which leads to system instability, or add integral control, which could introduce integrator windup particularly in steering situations when there is a rapid change of direction. Neither of these outcomes is desirable.
The solution to this problem is to feedforward a reasonable estimate of the effort needed to overcome the inertia, damping, friction, and tire forces. Since inertia, damping, and friction remain fairly constant in time and can be identified accurately, the feedback portion of the controller only needs to correct for errors caused by uncertainties in the disturbance approximation. By relying primarily on feedforward control, the tracking errors that feedback control must deal with are substantially re- duced. Thus, the feedforward terms not only do not contribute to system instability, but they also eliminate the need for aggressive feedback. Practically speaking, such explicit cancelation of these terms proved necessary to maintain stability while reducing tracking error during dynamic maneuvers.
The full steering controller is summarized by the block diagram shown in Fig. 16 . The effectiveness of this control form can be easily seen in the error dynamics, which are determined by combining (5) and (14) (16) where the error, , is given by (17) Aside from some uncertainties, , in compensating for the friction and tire aligning moment, the error dynamics are stable and approach zero quickly if and are chosen appropriately. Even with approximate values of the Coulomb friction constant and aligning moment the controller can produce good tracking results, which suggests that it is robust to disturbances and variations in the steering system parameters.
III. HANDLING MODIFICATION
A. Linear Vehicle Model
A vehicle's handling dynamics in the horizontal plane are represented here by the single track, or bicycle model with states of sideslip angle at the center of gravity (CG) and yaw rate . In Fig. 17 , is the steering angle, and are the longitudinal and lateral components of the CG velocity, and are the lateral tire forces front and rear, respectively, and and are the tire slip angles. Derivation of the equations of motion for the bicycle model follows from the force and moment balance (18) is the moment of inertia of the vehicle about its yaw axis, is the vehicle mass, and are distance of the front and rear axles from the CG, and is lateral acceleration at the CG. In the linear region of tire operation-typically slip angles of four degrees or less-lateral force at the front and rear is related to slip angle by the total cornering stiffness coefficient of the front and rear tires (19) Taking small angle approximations, slip angle can be written in terms of and at the CG and (20) Assuming constant longitudinal velocity, , the state equation for the bicycle model can be written as (21) Note that the influence of centripetal acceleration appears through the " " term in the upper right corner of the state transition matrix. Given longitudinal and lateral velocity and at any point on the vehicle body, the sideslip angle at the point is defined by (22) Sideslip angle can also be defined by the difference between the vehicle heading and the direction of the velocity at any point on the body (23) Rewriting (21) in terms of sideslip angle at the CG yields the state equation (24) with states of the bicycle model now defined by slip angle and yaw rate.
B. GPS-Based State Estimation
The ability to obtain accurate information on the vehicle states-yaw rate and sideslip angle-is crucial to implementing an active handling system with full state feedback control. Although yaw rate data are available on many production cars from rate gyroscopes, sideslip cannot be directly measured and must be estimated instead. Two common techniques for estimating this value are to integrate inertial sensors directly and to use a physical vehicle model. Some approaches use a combination or switch between these two methods [19] . Direct integration methods can accumulate sensor errors and unwanted measurements from road grade and bank angle. In addition, methods based on a physical vehicle model can be sensitive to changes in the vehicle parameters and are only reliable in the linear region.
To overcome these drawbacks, a new method for estimating vehicle sideslip angle using GPS and INS sensor measurements is presented in [12] . In this scheme, GPS measurements from a two-antenna system are combined with INS sensor measurements to eliminate errors due to direct integration. Since both the vehicle heading and the direction of velocity are directly measured from a two-antenna GPS receiver, the sideslip angle can be calculated using (23). INS sensors are integrated with GPS measurements to provide higher update rate estimates of the vehicle states and to handle periods of GPS signal loss. This method is also independent of any parameter uncertainties and changes because it is based on purely kinematic relationships.
Experimental results from the GPS/INS integration are plotted in Fig. 18 on top of simulation results from the bicycle model for both yaw rate and sideslip angle. The similarity between estimated and simulated yaw rates indicates that the bicycle model used in the comparison is valid and calibrated correctly. The fact that the sideslip measurement is clean and correlates with the model makes it suitable for use as a feedback signal.
C. Full State Feedback Vehicle Control
The full state feedback control law for an active steering vehicle is given by (25) where is the driver commanded steer angle and is the augmented angle. A physically intuitive way to modify a vehicle's handling characteristics is to define a target front cornering stiffness as (26) and the state feedback gains as (27) where is the desired fractional change in the original front cornering stiffness . Substituting the feedback law (25) into (24) yields a state-space equation of the same form as (24) but with the new cornering stiffness (28) Since a vehicle's handling characteristics are directly influenced by tire cornering stiffness, the effect of this modification is to make the vehicle either more oversteering or understeering depending on the sign of . Of course, there are many other ways to apply full state feedback, but the physical motivation behind cornering stiffness adjustment makes clear through the bicycle model exactly how the handling characteristics have been modified. In fact, the effect of this modification is analogous to a common practice in automotive racing: changing tires during a pit stop to adjust a race car's handling dynamics.
Although yaw rate feedback is frequently proposed [3] , [4] , [6] as a way to control gross vehicle motion, yaw rate feedback alone leaves sideslip uncontrolled. It then becomes possible to change the vehicle transfer function to something that is neither physically realizable nor intuitive to the driver, and the effects of this are unclear. Furthermore, in extreme cases there may be good yaw tracking but excessive sideslip [20] . Drivers are particularly sensitive to such vehicle motion cues and prefer sideslip angle to be small [21] . This preference arises from the sensation of instability at larger angles which is perhaps rooted in the real potential for loss of control when sideslip angle and therefore tire slip angles are allowed to grow to large.
Note that in the full state feedback formulation presented here, it is not necessary to know the real cornering stiffness of the front tire-only vehicle speed and weight distribution, which are relatively easy to measure-to achieve the desired handling modification. In addition, while the control law has a simple structure, there is a nonlinear relation between the vehicle speed, CG location, and cornering stiffness adjustment parameter in the yaw rate feedback gain, which is essentially a nonlinear gain scheduling approach to vehicle control. Finally, because the control law is additive-the control input is added on top of the command input-the modified handling behavior is rather insensitive to nonlinear vehicle characteristics such as tire saturation. 
D. Experimental Handling Results
The steer-by-wire test vehicle (Fig. 19) is equipped with multiple-antenna GPS configured to provide absolute velocity and heading information. INS sensors measure lateral and longitudinal acceleration, yaw rate, and roll rate. The experimental setup for vehicle state estimation is the same as described in [12] . All results presented here are based on the following test procedure: the vehicle accelerates from standstill in a straight line; once it reaches a steady speed of 13.4 m/s (30 mi/h), the onboard computer begins to generate a sinusoidal steering command of constant amplitude and frequency (equivalent to a driver's input at the steering wheel). For the first test, the vehicle is driven in the unmodified mode (no state feedback) such that the road wheel angle corresponds directly to command angle scaled by the steering ratio. In Fig. 20 , the measured yaw rate for this test compares well to simulation results from the bicycle model. Fig. 21 shows the sideslip comparison for the same test data. Convergence of the state estimator causes some deviation from the simulation in the first few cycles. In  Fig. 22 , the effective front cornering stiffness is reduced 50% by setting the parameter to 0.5, and the steering input has been modified by the control law to achieve exactly this characteristic. The experimental results exhibit lower peak yaw rate and lateral acceleration values than the nominal case (Figs. 23  and 24 ). These results are expected since reducing the front cornering stiffness causes more pronounced understeering behavior. Figs. 25 and 26 confirm that test results for the reduced case match bicycle model simulation.
Experimental data show a corresponding but opposite change in handling behavior when the nominal steering input is modified to duplicate the condition of increased front cornering stiffness (Fig. 27) such that there are more pronounced oversteering characteristics. For the same nominal steering input, the vehicle generates higher peak yaw rate and lateral acceleration than in the normal handling case (Figs. 28-30) . The fact that peak lateral accelerations for this test approach 9.8 m/s (1 g) (Fig. 29) and experimental sideslip deviates from the sideslip predicted by the model in some places (Fig. 31) indicates that the vehicle has entered the nonlinear handling region. Even though the linear model on which the controller is based is less valid in this case, it still produces reasonable and predictable handling behavior.
For the final series of tests, 182 kg (400 lb) of weight are added to the rear of the vehicle so that 57% of the total vehicle weight lies over the rear axle with 43% over the front axle. Since the unloaded vehicle has a weight distribution balanced equally front to rear, the loaded vehicle exhibits slightly more oversteering behavior than the unloaded vehicle due to the rearward weight bias. However, with active handling modification, a 20% reduction in front cornering stiffness returns the controlled vehicle to the near neutral handling behavior of the unloaded vehicle (Fig. 32) . While the difference in handling behavior may seem small when viewed on a graph, the improvement is readily apparent to both driver and passenger.
IV. CONCLUSION
To the best of the authors' knowledge, this work represents the first application of GPS-based state estimation and steer-by-wire to the modification of vehicle handling characteristics. Availability of smooth, continuous sideslip angle feedback and active steering capability are the keys to implementing a vehicle dynamics control system that provides intuitive handling behavior (i.e., comparable to a physically realizable vehicle). Experimental results confirm that such a system can achieve modified handling behavior that is exactly equivalent to physically changing the cornering stiffness of the front tires. The combination of full state feedback and active steering offers an exciting possibility: a given vehicle can be made to have any handling characteristic the driver desires.
A second conclusion can be drawn from the development of the steer-by-wire controller: in the course of steering a vehicle, an external disturbance-the tire aligning moment-at times dominates the steering effort. Accounting for this effect in the controller significantly improves steering accuracy and precision. Because this effect is a function of tire properties and steering geometry, it applies to all actively steered vehicles, not just steer-by-wire systems. Furthermore, the tire forces provide a perfect link between the steering system dynamics and the vehicle dynamics. Future work will develop vehicle state estimation and control techniques to take advantage of this inherent relation between steering forces and vehicle-tire forces.
